Abstract − Liquid-liquid extraction (LLE) can be used for the recovery of acetic acid from black liquor prior to bioethanol fermentation. Recovery of value-added chemicals such as acetic-, formic-and lactic acid using LLE from Kraft black liquor was studied. Acetic acid and formic acid have been reported to be strong inhibitors in fermentation. The study elucidates the effect of three reaction parameters: pH (0.5~3.5), temperature (25~65 o C), and reaction time (24~48 min). Extraction performance using tri-n-octylphosphine oxide as the extractant was evaluated. The maximum acetic acid concentration achieved from hydrolyzates was 69.87% at 25°C, pH= 0.5, and 36 min. Factorial design was used to study the effects of pH, temperature, and reaction time on the maximum inhibitor extraction yield after LLE. The maximum potential extraction yield of acetic acid was 70.4% at 25.8°C, pH=0.6 and 37.2 min residence time.
Introduction
The emerging bio-based economy, including biorefining, is a very promising sector, with significant future potential and many business opportunities [1] . There are many different definitions of the word "biorefinery," but the term is generally applied to the use of renewable raw materials (e.g,, biomass) to produce energy, together with a wide range of everyday commodities, in an economic and sustainable manner [2] [3] [4] [5] . The biorefinery concept applies the methods that have been used to refine petroleum to biomass conversion [3] . Biorefineries simultaneously produce biofuels, biobased chemicals, heat, and power. Biorefining is regarded as a very promising route to meeting our aims for sustained prosperity and preserving the environment. Unlike oil refineries, which are units of large industrial size, biorefineries can include facilities of various sizes [6] .
Renewable sources of energy are required for sustainable development of our society [7] . Plant biomass is the main source of renewable materials and represents a potential source of renewable energy. However, the main source of bioethanol currently used (starch from cereal seeds) is too expensive and of limited availability. In contrast, cellulose is available in high quantities at very low cost (as forest, agricultural, or industrial lignocellulosic wastes and cultures) and, after some current barriers are overcome, could be a widely available and inexpensive bioethanol source in the future [2, 8] . Figure 1 presents a simplified block diagram representing the process flow of a pulp-mill-based biorefinery that co-produces pulp with lignin, fermentable sugars, and extracted products from fractionated wastepulping liquor.
This work focuses on black liquor, which is the waste liquor obtained after pulping is complete in the Kraft process; the liquid consists of dissolved organic material, inorganic compounds (NaOH and Na 2 S), and spent cooking chemicals [9] . Standardized methods for the analysis of individual components (e.g., sugars, and lignin) of black liquor involve acidic hydrolysis of the black liquor with sulfuric acid, followed by gravimetric determination of lignin and chromatographic determination of sugars. In this work, 18 degradation chemicals were identified and quantified in the hydrolyzates resulting from acid hydrolysis of black liquor. During acid hydrolysis, the high temperature and pressure of the steam facilitate the conversion of acetyl groups on the xylan backbone to acetic acid. This released acetic acid enhances the hydrolysis and dehydration reactions that change xylan to oligomeric and molecular xylose, and change furfural and hexose to hydroxymethylfurfural (HMF).
Acetic acid is ubiquitous in hemicellulose hydrolyzates, in which hemicellulose and, to some extent, lignin are acetylated [10, 11] . The inhibitory effect of acetic acid (pK a = 4.75 at 25 o C) in microbial fermentation is strongly affected by pH. When the hydrolyzate pH is lower than 4.75, the protonated form of acetic acid is dominant in the solution. Although the effect of acetic acid can be reduced by conducting the bioconversion at high pH (above or around 6.0), fermentation at this neutral pH can be suboptimal. Because acetic acid is also of value in the chemical market, it is beneficial to recover it prior to fermentation.
The separation of acetic acid from its aqueous solution by simple rectification is very difficult, and requires a column with many stages and a high reflux ratio, incurring high running cost [12, 13] . Studies have shown that a solvent can successfully extract acetic acid from an aqueous solution to an organic phase by liquid-liquid extraction (LLE) [14] . The partition coefficients for these systems vary between 3 and 5 [14] [15] [16] [17] . Senol [16] deduced a molar loading of greater than one for carboxylic acids removal from water by alamine 336 in halogenated hydrocarbon diluents. The use of tri-n-ctylphosphine oxide (TOPO) as an extractant for the removal of fatty acids from aqueous solutions has been discussed in several papers [15, [18] [19] [20] [21] [22] [23] [24] [25] . Because of its high hydrogen-bonding acceptor basicity, TOPO complexes strongly with a carboxylic acid in an organic phase, enhancing the transfer of the carboxylic acid to the extract phase. In addition, TOPO has excellent stability, a high boiling point, and low solubility in water. It was concluded that an optimized use of TOPO will enable economic organic acid recovery.
The purpose of this study was to gain a more accurate understanding of the effect of residence time, temperature and pH on the extraction yields of organic acids LLE to enable overall process optimization. In addition, response surface methodology (RSM) analysis was performed the initial studies and the LLE conditions for organic acid production were optimized.
Materials and Methods

2-1. Raw materials
The Kraft black liquor used in this study was supplied by the Moorim P & P Co., Ltd. (Ulsan, Korea). The pH was 13~14 and it contained most of the original inorganic cooking elements the dissolved degraded wood particles. The latter included an extremely complex mixture of acetic acid, formic acid, saccharinic acids, numerous other carboxylic acids (all as sodium salts), dissolved hemicelluloses (mainly xylan), methanol, and hundreds of other components. In addition, the black liquor contained large amounts of lignin phenolic compounds.
2-2. Acid hydrolysis of black liquor
The pH of values the black liquor samples, initially 13, was adjusted to a series of values in the range 0.5 to 3, using 96% sulfuric acid. A 1 L Fig. 1 . Representing the flow of a black liquor utilization in a bio-refinery plant producing wood pulp, fermentation-derived alcohol and valueadded chemicals.
beaker was used to contain the black liquor, with a working volume of 100 mL. An autoclave was used at a temperature of 121 o C for 60 min at the corresponding water vapor pressure. The autoclave was then heated to the desired temperature and held at this temperature for the desired reaction period. The resulting liquid was decanted and a portion was filtered using a Büchner funnel. The liquid hydrolyzate was immediately centrifuged at 15 000 rpm for 20 min to settle the solid residue. Aliquots (1 mL) were withdrawn from the micro-tube and then filtered with a 0.45 µm syringe filter (Whatman). The composition of the hydrolyzed black liquor was determined by high performance liquid chromatography (HPLC) and ultra-fast liquid chromatography (UFLC). The composition of the black liquor was analyzed according to the NREL Chemical Analysis & Testing Standard Procedures in NREL/TP-510-42623 [26] . The theoretical concentration of the composition of the liquor is shown in Table 1 .
2-3. Extractant preparation
TOPO (93% purity; CYTEC, Inc., Woodland Park, NJ, USA) was diluted with an alkane (>99% purity; Sigma Aldrich, St. Louis, MO, USA); at a diluent ratio of 37% (w/w), and heated to 60 o C to dissolve the TOPO.
2-4. Liquid to liquid extraction experiments
In a typical extraction procedure, 50 ml centrifuge tubes were charged with equal volumes (10 mL) of the organic phase and aqueous solution. Batch extraction was performed by vigorously shaking the vessels for 6s, followed by 24~48 min in a thermostated water bath at 25~65 o C, during which the shaking was repeated six times. The sample was then centrifuged at 4000 rpm for 4 min to assist separation of the two phases. Samples of both phases were analyzed immediately after phase separation.
2-5. HPLC and UFLC-XR
The sugars, organic acids, and furans components were analyzed using a high-performance liquid chromatograph equipped with refractive index (RI) and ultraviolet (UV) detectors (Shimadzu, Columbia, MD, USA), and an Aminex HPX-87H column (Bio-Rad, Hercules, CA, USA). The column was operated with a 5 mM sulfuric acid mobile phase, at a flow rate of 0.6 mL/min and oven temperature of 60 o C. The samples were filtered through 0.25 μm poly (tetrafluoroethylene) syringe filters prior to injection. All the sugar peaks were detected based on the RIs and UV absorption, identified, and quantified by comparison with the retention times of authentic standards. The BioRad Aminex HPX-87H analytical column enabled concurrent analyses of sugar degradation products and organic acids in the liquid sample. The carbohydrate standard used for calibration contained sugars and some organic acids.
A UFLC-XR system consisting of a liquid chromatograph (LC-20AT, Shimadzu Corp., Kyoto, Japan) fitted with a Kenetex reverse phase C18 (150 mm × 4.6 mm) column (Phenomenex, USA) was used for analyzing sugar and lignin degradation products. The column was maintained at 40 o C. A gradient mixture of 0.05% phosphoric acid in water/acetonitrile was used as the mobile phase at a flow rate of 1 mL/min. The system was used to identify 18 potential decomposition chemicals from the black liquor.
2-6. Extraction yield percent (%)
[HAc] is the acetic acid concentration; subscript "org" denotes the acid concentration extracted from the aqueous phase into the organic phase; and subscript "aq" denotes the acid concentration remaining in the aqueous phase. An alternative means of expressing extraction efficiency is the percentage extraction. The percentage extraction is defined as the fraction of acetic acid removed from the aqueous phase into the organic phase in one extraction step, as shown in Eq. 1.
2-7. Response surface methodology (RSM) experimental design
The optimal conditions were determined and the interactions among the environmental variables were evaluated using the Box-Behnken model in an RSM study. Three independent variables (pH, temperature, and residence time) were selected. Table 2 shows the actual levels and corresponding codes for the process variables. Seventeen sets of treatment combinations were analyzed using design expert statistical software (version 7.0.0, STAT-EASE Inc., Minneapolis, MN, USA). Linear and second-order polynomials were used to fit the experimental data obtained. The adequacy of the model was tested using the sequential F-test, lack-of-fit test, and other adequacy measurements. If the response varied in a polynomial manner, it was represented using the following polynomial function Eq. 2:
where Y is the predicted response (i.e., formic acid, lactic acid, and acetic acid extraction yields), x i are the variables, and a i are the model coefficient parameters. Subscripts 1, 2, and 3 refer to the pH, temperature, and reaction time, respectively.
Results and Discussion
3-1. Degradation chemicals as function of pH
Eighteen lignocellulosic degradation products were quantified in the hydrolyzates by HPLC and UFLC-XR analysis. The compounds monitored included aliphatic acids, aromatic acids and aldehydes. This broad range of compounds was selected because of the previous identification of these analytes as potential inhibitors from biomass [11] . A comprehensive compilation of the observed degradation product concentrations is given in Table 1 . Treatment of black liquor with sulfuric acid was performed in triplicate. Two major sugar components, glucose and xylose, dominated the carbohydrate composition of the hydrolyzates. The concentrations of the degradation products produced during acid hydrolysis were generally pH dependent. The complexity of the hydrolyzates and scope of the present study make it difficult to interpret and discuss the complete data set in detail; however, we offer some general observations on the findings. For example, the concentrations of sugars, acids, and furans showed higher for black liquor hydrolyzed at low pH. When hemicellulose is degraded, multiple sugars are liberated (e.g., xylose, and glucose).
Aldehydes are directly formed in high concentrations by degradation of sugars. Understanding the various formation and accumulation trends of furans is particularly relevant as these compounds are known to have significant inhibitory effects [27] . Phenolic compounds derived from lignin are also potentially harmful to fermentation operations. From these data, it is clear that inhibitory furans are produced most abundantly at low pH, suggesting that higher pH acid hydrolysis could be used to limit production of these compounds [27] .
Here are the results of the production of sugars, acids, and lignin in acid hydrolysis of black liquor. Hydrolysis released significant amounts of xylose from hemicellulose. The sugar and inhibitor concentration increased with decreasing pH. The maximum concentration of xylose, 10.32 g/L was obtained at pH=0.5 for 60 min at 121 o C. Table 1 shows that the concentration of sugars at pH 0.5 was twenty times higher than those at pH 2. Monosaccharaides were apparently not formed above pH 2. The trend was for the amount of the total sugars (glucose + xylose + arabinose) to increase with decreasing pH.
One of the more relevant aliphatic acids produced during acid hydrolysis is acetic acid. Its relevance arises from its economic value as a useful commercial product and its tendency to be a strong inhibitor of microbial ethanol production. As the data in Table 1 show, acetic acid was produced in significant quantities (10 g/L) under all conditions. It was also observed that acetic acid was produced in higher quantities than were other acids. Significant amounts of lactic acid and formic acid were also formed through degradation of the extracted carbohydrates. Table 1 shows that the amounts of lactic acid, formic acid, and total aliphatic acids did not vary significant as a function of pH and reaction time. This is because the most inhibitory compounds for fermentation are acetic acid, formic acid, HMF, and furfural [28] [29] [30] . The total quantities of aromatic acids and aldehydes increased with decreasing pH and reaction time.
As noted above, these decompositions may inhibit the growth of ethanologenic species and cause a decline in ethanol production [31, 32] . In particular, furfural is well known decomposition product from pentose, in the acid hydrolysis of lignocellulosic biomass. Table 1 show that the maximum concentration of furfural was 0.08 g/L. Small amounts of fumaric acid and furfural were hardly obtained from hydrolyzates, which were not emptied in Fig. 2(b) , Fig. 2(c) .
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Korean Chem. Eng. Res., Vol. 54, No. 6, December, 2016 Figure 2 shows extraction of the degradation products as a function of the pH of black liquor hydrolyzed by TOPO. TOPO has a substantial extraction capacity at low pH levels. Much of the acetic acid remains in the aqueous phase when the extraction is carried out above pH 3 [14] . Extraction at low pH is reasonable in biorefinery processes as LLE extraction can be performed after acid hydrolysis at low pH. Figure 2 (a), 2(b), and 2(c) show the extraction yields of aromatic acids, aliphatic acids, and aldehydes via LLE. On average, the amount of most degradation products increased with decreasing pH. Many degradation products were recovered using TOPO. Figure 2 (b) and (c) show that only small amounts of fumaric acid and furfural were obtained from the hydrolyzates, because extraction was incomplete.
3-2. Effect of pH on extraction
The strongest inhibitors among the degradation products were formic acid, lactic acid, and acetic acid. Table 3 shows indicates that the maximum yields of formic acid, lactic acid, and acetic acid were 64.56%, 53.18%, and 69.87%, respectively, at pH 0.5.
3-3. Effect of LLE process sugar reduction
The sugar components and total sugar remaining in the aqueous phase after LLE are shown in Figure 3 . One of the concerns in optimizing the extraction condition of black liquor for fermentation is that the extractant might remove sugars along with organic acids. After LLE with TOPO, over 80% of the sugars were retained in the aqueous phase. Figure 3 shows that the amount of sugars varied with pH; slightly larger amounts were retained at low pH. Sugars were hardly removed by LLE with TOPO.
3-4. Optimization study by statistical experimental design
Three-level RSM factorial design was used to obtain a quadratic model consisting of 17 trials. The ranges and levels of three independent variables, pH, temperature, and residence time, were chosen, as shown in Table 2 The significance of the model was studied using ANOVA., and that of the model equations for organic acid extraction yields was checked using the F-test; the results are shown in Table 4 . The model F-values for the FA, LA, and AA yield were 20.61, 27.25, and 46.37, respectively. The model probability values for FA, LA, and AA (0.0003, <0.0001, and <0.0001) were low enough to show that the model terms for FA, LA, and AA were significant. Lack-of-fit tests were also used to evaluate the model adequacy; an insignificant lackof-fit is desirable. The lack-of-fit values for the FA, LA, and AA extraction yields were 0.8340, 0.7080, and 0.4038, respectively; these values were statistically insignificant and showed that the constructed models were suitable for describing the observed data. The model Figure 4 shows that the points of the predicted versus actual plots for the FA, LA, and AA yields were clustered along the diagonal line, indicating that the predicted values match the observed ones well. The ANOVA data shown in Table 4 were used to examine the significance of the main effects and interacting effects of parameters on the FA, LA, and AA extraction yields, Statistical analysis of the experimental ranges studied identified pH as the most important factor for all the organic acid extraction yields, because the value of Prob > F less than 0.05, which indicates the significance of the model term. The temperature did not significantly influence the FA and LA extraction yields, but it influenced the AA extraction yield. The effects of time and interacting factors on the organic acid yields were not statistically significant at 95% confidence limits.
Response surface plots showing the FA, LA, and AA extraction 
Conclusions
The results of this study clearly indicate that the production of potentially inhibitory compounds during black liquor hydrolysis is complex and requires careful consideration when evaluating acid pretreatment schemes. There is a continuing need to develop a more thorough mechanistic understanding of the effects of pretreatment chemistry on formation and accumulation of black liquor degradation products. Such an understanding may prove to be particularly relevant in limiting the production of certain compounds (e.g., inhibitors). The solvent extraction equilibrium of acetic acid by TOPO in an alkane solvent was studied. The organic acid yields increased significantly with decreased pH. The sugar concentrations in extracts were not greatly affected by LLE with TOPO in an alkane solvent. A bio-refinery including an LLE step for recovering acetic acid should be positioned between the hydrolysis and fermentation units. The maximum AA extraction yield achieved by LLE was 69.87%, representing 91.0% of the maximum possible yield. RSM models were pH 0.6, 25.8 o C, and 37.2 min. Statistical optimization and comparison of multiple variables were successfully carried out in a laboratory study using RSM. It was found that pH was the most important in parameter LLE. The statistical optimization method, which incorporates residence time, temperature and pH, provides a useful method for determining the trade-off among the combined effects of these three variables on organic acid extraction yields.
